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ABSTRACT. Polyunsaturated long-chain alkenones are a unique class of lipids biosynthesized in 
significant quantities (up to 20% of cell carbon) by several algae including the industrially grown 
marine microalgae Isochrysis. Alkenone structures are characterized by a long linear carbon-chain 
(35-40 carbons) with one to four trans-double bonds and terminating in a methyl or ethyl ketone. 
Alkenones were extracted and isolated from commercially obtained Isochrysis biomass and then 
subjected to cross-metathesis (CM) with methyl acrylate or acrylic acid using the Hoveyda-Grubbs 
metathesis initiator. Within 1 h at room temperature alkenones were consumed, however complete 
fragmentation (i.e. conversion to the smallest subunits by double bond cleavage) required up to 16 
h. Analysis of the reaction mixture by gas chromatography and comprehensive two-dimensional 
gas chromatography revealed a predictable product mixture consisting primarily of long-chain 
(mostly C17) acids (or methyl esters from CM with methyl acrylate) and diacids (or diesters), along 
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with smaller amounts (~5%) of the honey bee “queen substance” (E)-9-oxo-decenoic acid. 
Together, these compounds comprise a diverse mixture of valuable chemicals that includes 
surfactants, monomers, and an agriculturally relevant bee pheromone. 
Introduction 
As concerns about petroleum usage in connection with climate change persist [1], the need 
to transition toward renewable and sustainable raw materials is becoming increasingly relevant 
[2,3]. Others have commented that the replacement of petroleum in its many varied forms is, 
however, non-trivial [4]. It is prudent, therefore, to consider the range of alternative raw materials 
available to meet these demands. Based on a history of plant oil and sugar conversion processes, 
biomass-derived materials have remained at the forefront of many of these efforts [5, 6]. Plant oils 
generally refer to acylglycerols comprised of mainly C16 or C18 fatty acids (FAs) isolable from 
agricultural crops (e.g. soybean or rapeseed). Compared to terrestrial plants of this type, algae offer 
some advantages as a sustainable chemical feedstock. These include the ability to be grown using 
brackish, salt, or even wastewater thereby not competing for limited land and water resources [7]. 
Algae may also be sources of unique compounds representing new additions to our arsenal of 
sustainable chemicals [8]. One example is polyunsaturated long-chain alkenones [9], 
biosynthesized by a few species of haptophyte algae and with structures quite distinct from FAs. 
More specifically, alkenones contain hydrocarbon chains that are roughly twice the length of FAs 
(C35-C40) containing 1-4 trans-double bonds separated by five methylenes (as opposed to zero (i.e. 
saturated) or methylene-interrupted cis-alkenes common to FAs) and terminate in a methyl or ethyl 
ketone (Figure 1). Under certain conditions, alkenone content can exceed that of triglycerides, 
representing up to 20% of cell carbon [10, 11]. Neither the physiological role nor biosynthesis of 
alkenones is well understood, however it is proposed that they act for energy storage like other 
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lipids [12]. One such alkenone producer is Isochrysis, but others include the cosmopolitan 
coccolithophore Emiliania huxleyi and related Gephyrocapsa oceanica [13]. Here, we have 
focused on Isochrysis as it is one of only a few species of algae with a history of industrial 
cultivation, harvested for purposes of mariculture by several commercial suppliers worldwide [14]. 
Alkenones, therefore, represent a potentially abundant renewable carbon resource available from 
common algae with a history of large-scale production. 
Recently, we demonstrated that alkenones can be efficiently separated and isolated from 
other lipids like FAs contained in the extract of commercial Isochrysis [15]. The approach 
generates multiple product streams, each representing a distinct platform from which to access 
different products. For instance, FAs can be converted to surfactants, esterified to biodiesel, or 
otherwise take advantage of the large volume of FA conversion technologies [16]. We argue that 
alkenones, with their unique structures and functionality, have the potential to provide access to a 
suite of compounds unobtainable from FAs. As an initial demonstration, we showed that alkenones 
can be converted to jet-fuel range hydrocarbons by means of cross-metathesis with 2-butene [17]. 
In this paper, we extend the metathesis repertoire of alkenones to include reactions with both 
methyl acrylate and acrylic acid (Scheme 1). The products from these reactions include long-chain 
esters (or acids), with hydrocarbon chains substantially longer than those obtained by the same 
reaction with common fatty acids (e.g. C17 from alkenones vs. C11 from oleic acid) [18]. These 
compounds would thus exhibit different (i.e. higher) hydrophilic-lipophilic balance values and 
thus novel properties as surfactants when compared to traditional fatty acid-based materials [19, 
20]. Another product would be diesters, similar in structure to that obtained from acrylate cross-
metathesis of fatty acids, however containing two α,β-unsaturated esters as sites for potential cross-
linking [21]. Lastly, approximately 5% of (E)-9-oxo-2-decenoic acid (ODA), known as the “queen 
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substance” of the honey bee would be expected. This compound is a primary component of the 
queen mandibular pheromones [22-24], sold commercially as a honey bee attractant for 
agricultural purposes and representing a novel and valuable metathesis adduct from a renewable 
lipid feedstock [25].  
Methods 
Microalgae. The marine microalgae Isochrysis was purchased from Necton S.A (Olhão, Portugal) 
[14]. The algae were received as a dry milled powder that was yellow/brown in color. 
Extraction and isolation of alkenones. Alkenones were isolated and purified from the Isochrysis 
biomass as previously described [26]. Briefly, Soxhlet extraction with hexanes produced a dark 
green near-black oily solid (mp. ~ 50-60 ºC, yield = 15% w/w) that we refer to as hexane algal oil 
[27]. This algal oil was then redissolved in methanol:dichloromethane (2:1, 10 x volume of algal 
oil) and treated with KOH (50% w/w) at 60 ºC for 3 h. The resulting saponified acylglycerols were 
selectively partitioned into water and the alkenone-containing neutral lipids extracted into hexanes. 
Removal of the hexanes gave the neutral lipids as a red-brown solid (approximately 50% w/w of 
the hexane algal oil) from which alkenones could be isolated by recrystallization with hexanes 
(45% w/w of the neutral lipids). 
Alkenone acrylate cross metathesis, general procedure. To a mixture of alkenones (0.1 g; See 
Table 1) in dichloromethane (1.0 mL) was added methyl acrylate or acrylic acid (0.20 g, calculated 
as 6 equiv. relative to the most abundant alkenone (methyl 37:2, see Figure 1 and Table 1)) and 
Hoveyda-Grubbs catalyst (5 mg, 2-3 mol%) and the resulting mixture was stirred for the allotted 
time. Reactions were quenched with ethyl vinyl ether (0.9 mL, 50 equiv.) and stirred for 15 minutes 
before volatiles were removed on a rotary evaporator (See Supplementary Material). In some 
cases, methyl octadecanoate (0.1 g) was added as an inert internal standard to allow for 
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determination of percent conversions. For those reactions conducted with acrylic acid, the crude 
product mixture was first esterified (MeOH, cat. H2SO4) before analyzing by gas chromatography. 
Analysis by 1H nuclear magnetic resonance (1H NMR) spectroscopy. 1H NMR spectra of the 
purified alkenones and cross-metathesis reaction mixtures were obtained under ambient conditions 
using CDCl3 as solvent, which also served as internal reference (shift value of residual proton at 
7.26 ppm). 
Analysis by one-dimensional gas chromatography with flame ionization detection (GC-FID) 
and gas chromatography-mass spectrometry (GC-MS). The purified alkenones and cross-
metathesis reactions were analyzed on a Hewlett-Packard 5890 Series II GC-FID. Samples (1 μl) 
were injected cool-on-column and separated on a 100% dimethyl polysiloxane capillary column 
(Restek Rtx-IMS, 30 m length, 0.25 mm I.D., 0.25 μm film thickness) with H2 as the carrier gas at 
a constant flow of 5 mL min-1. The GC oven was programmed from 70  ̊C (7 min hold) and ramped 
at 6  ̊C min-1 to 320  ̊C (15 min hold). Percent conversions for the cross-metathesis reactions were 
determined by comparison of integration ratios for combined alkenones (rt = 44-48 min) to methyl 
stearate (retention time = 27.5 min) relative to a starting alkenone/methyl octadecanoate standard 
mixture. Select samples were also analyzed by GC-MS (full scan) on an Agilent 6890 GC with a 
5973 MSD. Splitless 1 μL sample injections, were separated on a DB-XLB capillary column (60 
m x 0.25 mm x 0.25 μm film thickness) using helium as the carrier gas (10.5 psi constant pressure), 
and the following GC temperature program: 4 min at 40 °C and ramped to 320 at 5 °C min-1 (held 
15 min).  
Analysis by comprehensive two-dimensional gas chromatography with flame ionization 
detection (GC×GC-FID) and time of flight mass spectrometer (GC×GC-TOF). Select cross-
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metathesis reaction mixtures were analyzed by GC×GC−FID and GC×GC-TOF MS according to 
previously described methodologies (see Supplementary Material).  
 
Results and Discussion 
 Isolation and analysis of purified alkenones. The procedure employed for extracting and 
purifying alkenones from Isochrysis biomass was the same that has been previously described 
involving Soxhlet extraction with hexanes followed by saponification and separation [15, 24]. 
Overall yields of lipids (i.e. “hexane algal oil”) were generally 15% w/w of the dry biomass. This 
is similar to the value stated by the manufacturer Necton, who describes their product as containing 
40% protein and 20% fat. Analysis of the purified alkenones isolated from this lipid mixture by 
gas chromatography revealed the presence of primarily methyl C37:3, methyl C37:2, and ethyl 
C38:2 alkenones (where methyl and ethyl refer to methyl or ethyl ketones and C#:# is the number 
of carbon atoms:number of double bonds, ref. Figure 1) with the most abundant being the methyl 
37:2 (Table 1). 
 Alkenone unsaturation is influenced by growing temperature such that at colder 
temperatures alkenones become more highly polyunsaturated [29]. This is an important (and 
pontentially strategic) consideration for metathesis-based conversion technologies as the starting 
alkenone mixture directly impacts the identity and yields of products obtained. From the data in 
Table 1, we can calculate the growing temperature (T) for the Isochrysis used in this study from 
the so-called unsaturation index (UK’37, eq. 1, where C37:2 and C37:3 refers to the relative amounts 
of these alkenones) [30-35]: 
 UK’37 = C37:2 / (C37:2 + C37:3)  




 Using our ratio of C37:2 to C37:3 alkenones (2.9:1) and associated UK’37 value (0.744), we 
calculate that the Isochrysis was grown at 21.2 ºC, corresponding to average temperatures in April 
and October/November for our supplier’s region (Olhão, Portugal) [36]. For comparison, algae 
grown during the coldest month (January, Avg. = 16 ºC) would have given an alkenone mixture 
with a significantly different 1.34:1 (UK’37 = 0.572) C37:2 to C37:3 ratio. While this sensitivity to 
growing temperature presents an opportunity to enrich or select for one product type by metathesis 
(e.g. diacids from algae grown at colder temperature with more polyunsaturated alkenones), it 
becomes critical that extracted alkenones be accurately characterized before planning for certain 
product compositions even when working with biomass procured from a single supplier. 
Alkenone/acrylate cross metathesis. Treatment of alkenones with the Hoveyda-Grubbs’ catalyst 
in the presence of an excess of methyl acrylate at room temperature for 16 h led to complete 
consumption as confirmed by both 1H NMR and GC, with mass recoveries consistently 
quantitative (Scheme 2). From the profile presented in Table 1, we could predict what were to be 
the major products from this reaction. For instance, cross-metathesis with methyl acrylate was 
expected to produce the diester undeca-2,9-dienedioate (1) as the major single compound (37.8%, 
Table 2) representing a suitable monomer with which to access polymers like polyesters [37] and 
polyamides [21]. Approximately 7% was predicted be the methyl ester of the so-called “queen 
substance” of the honey bee, methyl 9-oxodec-2-enoate (methyl ODA, 2), derived from the methyl 
37:3 alkenone and of value for agricultural purposes [25]. The remainder (46%) would be 
comprised of C16 (compounds 4 and 5) and C17 (compound 3) esters. Combined with 1, roughly 
95% of the products would target high-volume applications such as polymers (i.e. 1) and 
surfactants (i.e. 3-5) 
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 As illustrated by the GC-FID chromatogram in Figure 2, the actual product mixture from 
this reaction contained more compounds than those included in Table 2. Identification of these 
minor components is critical to a complete understanding of this cross-metathesis process. For this 
reason, we chose to employ comprehensive two-dimensional gas chromatography (GC×GC) for 
the analysis of our alkenone-acrylate cross-metathesis product mixtures. 
 GC×GC has a history of success in analyzing exceedingly complex mixtures of 
compounds, particularly for petroleum research [38], but more recently applied to reaction 
development [39]. The technique uses two serially joined columns whereby all compounds eluting 
from the first are trapped and then reinjected onto the second. The result is better resolution and 
enhanced signal to noise plus, as shown in Figure 3, different chemical classes align into groups 
(or fairways) based on their retention in the second dimension within a GC×GC chromatogram 
making for enhanced interpretation. For this particular experiment, the three major product 
subclasses: dimethyl esters, long-chain ketoesters, and monomethyl esters (ref. Scheme 2) are 
readily distinguishable. Our instrument was configured with a polar second-dimension GC column 
such that the least polar monomethyl esters (e.g. methyl heptadec-2-enoate (3)) eluted first 
followed by intermediate polarity ketoesters (e.g. methyl 9-oxoheptadec-2-enoate (4)) and the 
most polar diesters eluted last. 
 Coupling of GC×GC with a flame ionization detector (FID) allows for the necessary 
separations but also the capacity to get accurate concentrations of every compound within the 
GC×GC chromatogram because most hydrocarbons have similar response factors [40]. 
Quantifying the results from analysis of the product composition by GC×GC-FID revealed some 
differences with those predicted (ref. Table 2). For instance, the amount of diester 1 was 
diminished (27.5% vs 37.8% predicted). Cross-metathesis with acrylic acid gave a nearly identical 
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product composition (after esterification) under the same conditions suggesting that the nature of 
the cross-metathesis partner was not responsible for the discrepancy (e.g. 27.2% of 1, see Table 
2). Combined, compounds 1-5 represented 77% of the total mixture. Compound 1 was obtained as 
a 90:8:2 mixture of E,E:E,Z:Z,Z-isomers (Figure 3, 1st domention retention time  = 66 – 70 min.; 
2nd dimension retention time = 2.6 – 3.6 min.). It is interesting to compare the selectivities obtained 
from this cross-metathesis with methyl acrylate to those we reported for the similar reaction with 
2-butene (“butenolysis”) [17]. Overall, the methyl acrylate/alkenone cross-metathesis was more 
trans-selective, giving ≥ 90% of the thermodynamically favored trans- (or trans,trans) products 
(vs. 80% from the butenolysis). Irrespective of the geometric isomer composition, all isomers of 1 
and both E and Z compounds 3-5 would be expected to provide similar entry to cross-linked 
polymers and surfactants respectively [41].  
 Similar to cross-metathesis with 2-butene [17], in addition to the C17 methyl ester 3, we 
observed a small amount of an unexpected homologous series of long-chain esters from the 
reaction with methyl acrylate (e.g. C16-C19, Figure 3). Previously we attributed differences between 
predicted identities and amounts of products and those obtained to double bond isomerization that 
can occur during metathesis [42]. Jenkins et al. also recently reported small amounts of 
isomerization (from terminal to internal alkenes) during their ethenolysis of microalgal 
triglycerides [43]. As double bond placement likely has a minimal impact on fuel properties, the 
authors argued that isomerization is not problematic for fuels. However, as an indicator for catalyst 
decomposition isomerization should be avoided.  
 Metathesis isomerization is thought to arise from the formation of a ruthenium-hydride 
[42], which would also explain our observation of small amounts of what we have tentatively 
assigned as reduced cross-metathesis products dimethyl undec-2-enedioate and methyl 16-
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oxooctadecanoate (Figure 3, peaks (a) and (b) respectively) [44]. Certain additives have been 
shown to inhibit these processes, presumably by interaction with the unwanted metal-hydride 
species. To that end, both phenol and benzoquinone were tested as isomerization inhibitors and 
the reaction mixtures analyzed by GC×GC-FID [45, 46]. As indicated in Table 3, the use of these 
additives had little effect on product ratios. It may be that these compounds are ineffective in 
inhibiting isomerization for this particular reaction, or that Isochrysis biosynthesizes small 
amounts of alkenones with differing double bond positions that would then be relayed into the 
observed metathesis product distribution. 
In order to investigate the kinetics of the reaction, we monitored alkenone conversion 
throughout the reaction. When attempting a similar analysis of alkenone cross-metathesis with 2-
butene, we encountered difficulties due to the low temperatures required to condense 2-butene 
which caused insolubility for the alkenones [17]. Cross-metathesis reactions with methyl acrylate 
or acrylic acid, however, were conducted at room temperature (boiling points = 80 and 139 ºC 
respectively) thus maintaining alkenone solubility and allowing for kinetic analysis by sampling 
(and quenching) a single reaction at various time increments [47]. Results from this experiment 
are presented in Table 4 and the accompanying gas chromatograms in Figure 4.  
 As shown, the reaction gave 99% conversion after 30 min which is a similar timeframe 
observed for the previous 2-butene/alkenone cross-metathesis (99.5% after 30 min) [17], despite 
the significant electronic differences between 2-butene and methyl acrylate which can greatly 
influence olefin metathesis reactivity [48]. The rate of conversion for our alkenone metathesis is 
also identical to that reported for the same reaction with methyl oleate under similar conditions 
[18], suggesting that lipid alkene geometry (trans for alkenones vs. cis for methyl oleate) is not 
limiting in this respect. 
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 Additional results can be obtained beyond those in Table 4. More specifically, monitoring 
alkenone loss does not allow for differentiation between complete (i.e. reaction at all of the double 
bonds within a molecule) vs. incomplete metathesis (e.g. reaction at only one double bond). While 
this information could be obtained by GC×GC analysis [49], for this particular reaction the use of 
1H NMR proved convenient. Previously we noted that NMR was not helpful when analyzing 
alkenone cross-metathesis reactions with 2-butene because the spectra for the starting alkenones 
and resulting products were too similar [17]. Cross-metathesis reactions with methyl acrylate, 
however, gives products with alkene proton signals quite distinct from the starting alkenone double 
bond protons (ref. Scheme 1). By tracking formation of these new alkene signals (δ 6.96 and 5.81 
ppm) from the cross-metathesis products and loss of intact alkenone double bonds (δ ~5.4 ppm) in 
their 1H NMR spectra, we could then determine at what point complete fragmentation had 
occurred. Combined with the GC data (Figure 4), we conclude that while alkenones are consumed 
within 1 h, complete metathesis under these reaction conditions (~6 equiv. methyl acrylate, 5 mol% 
catalyst, room temperature) takes upwards of 16 h (Figure 5).  
Conclusion 
 Alkenones are a unique class of lipids biosynthesized by certain species of algae including 
Isochrysis that are currently grown industrially and available for purchase in multi-kilogram 
quantities from several suppliers internationally (e.g. USA and Portugal [14]). Structurally, 
alkenones are quite distinct from the fatty acids that have historically served as the basis for various 
renewable chemical enterprises, thereby providing a means to access novel products as part of 
ongoing petroleum replacement efforts. In this study, alkenones that had been extracted and 
isolated from commercial Isochrysis biomass were engaged in cross-metathesis reactions with 
methyl acrylate and acrylic acid. Using the Hoveyda-Grubbs metathesis initiator, alkenones were 
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completely consumed within 1 h at room temperature, however complete metathesis (i.e. 
conversion to the smallest subunits) required longer reaction times (approximately 16 h). Product 
mixtures were analyzed by GC×GC, which revealed slightly different ratios of products than what 
was calculated based on the starting alkenone profile. In particular, the amount of dimethyl undeca-
2,9-dienedioate (1) obtained was 10% less than what was expected. It was hypothesized that 
isomerization during the metathesis reaction contributed to this difference, however the use of 
additives reported to suppress isomerization during these reactions had little effect on the product 
distribution. Nonetheless, all of the predicted major products including long-chain (mainly C17) 
esters and bis-α,β-unsaturated diesters along with small amounts of the queen honey bee 
pheromone were obtained, reflective of an overall well-behaved renewable feedstock to fine 
chemical conversion process. The work provides a demonstration of the novel products that can 
be afforded by alkenones owing to their unique structures. Moreover, because alkenone structure 
can be manipulated using well-established (e.g. growing temperature [29-35]) or other emerging 
technologies (e.g. bacterial interactions [50]), a next phase of research may include the use of 
“designer” Isochrysis with optimized alkenone contents targeted toward specific product classes.  
Acknowledgements. This work was supported by the National Science Foundation (CHE-
1151492) and through a private donation from friends of WHOI. 
Supplementary Material. GCxGC data.  
References 
(1) Solomon S, Daniel JS, Sanford TJ, Murphy DM, Plattner G-K, Knutti R, Friedlingstein P 




(2) Ragauskas J, Williams CK, Davison BH, Britovsek G, Cairney J, Eckert CA, Frederick Jr 
WJ, Hallett JP, Leak DJ, Liotta CL, Mielenz JR, Murphy R, Templer R, Tschaplinski T (2006) 
The path forward for biofuels and biomaterials. Science 311: 484-489.  
(3) Christensen CH, Rass-Hansen J, Marsden CC, Taarning E, Egeblad K (2008) The renewable 
chemicals industry. ChemSusChem 1:283-289.  
(4) Inderwildi OR, King DA (2009) Quo Vadis Biofuels. Energy Environ Sci 2:343-346. 
(5) For a review see: Corma A, Iborra S, Velty A (2007) Chemical routes for the transformation 
of biomass into chemicals. Chem Rev 107:2411-2502. 
(6) Vennestrøm PNR, Osmundsen CM, Christensen CH, Taarning E (2011) Beyond 
petrochemicals: the renewable chemicals industry. Angew Chem Int Ed 50:10502-10509. 
(7) Griffiths MJ, Harrison STL (2009) Lipid productivity as a key characteristic for choosing 
algal species for biodiesel production. J Appl Phycol 21:493-507.  
(8) Borowitzka MA (1986) Microalgae as sources of fine chemicals. Microbio Sci 12:372-375. 
(9) Volkman JK, Eglinton, G, Corner EDS (1980) Long-chain alkenes and alkenones in the 
marine coccolithophorid Emiliania huxleyi. Phytochem 19:2619-2622. 
(10) Epstein BL, D’Hondt S, Quinn JG, Zhang J, Hargraves P (1998) An effect of dissolved 
nutrient concentrations on alkenone-based temperature estimates. Paleoceanography 13:122-126. 
(11) Prahl FG, Wolfe GV, Sparrow MA (2003) Physiological impacts on alkenone 
paleothermometry. Paleoceanogaphy 18:1025–1031. 
(12) Eltgroth ML, Watwood RL, Wolfe GV (2005) Production and cellular localization of 




(13) Volkman JK, Everitt DA, Allen  DI (1986) Some analyses of lipid classes in marine 
organisms, sediments and seawater using thin-layer chromatography-flame ionisation detection. 
J Chrom 356:47-162. 
(14) Isochrysis can be purchased from Reed Mariculture (San Jose, CA) at: 
http://reedmariculture.com and Necton S.A (Olhão, Portugal) at: www.phytobloom.com 
(accessed November 11, 2016). 
(15) O'Neil GW, Knothe G, Williams JR, Burlow NP, Culler AR, Corliss JM, Carmichael CA, 
Reddy CM (2014) Synthesis and analysis of an alkenone-free biodiesel from Isochrysis sp. 
Energy Fuels 28:2677-2683. 
(16) For a review see: Liu H, Cheng T, Xian M, Cao Y, Fang F, Zou H (2014) Fatty acid from 
the renewable sources: a promising feedstock for the production of biofuels and biobased 
chemicals. Biotechnol Adv 32:382–389. 
(17) O’Neil GW, Culler AR, Williams JR, Burlow NP, Gilbert GJ, Carmichael CA, Nelson RK, 
Swarthout RF, Reddy CM (2015) Production of jet fuel range hydrocarbons as a coproduct of 
algal biodiesel by butenolysis of long-chain alkenones. Energy Fuels 29:922-930. 
(18) Rybak A, Meier MAR (2007) Cross-metathesis of fatty acid derivatives with methyl 
acrylate: renewable raw materials for the chemical industry. Green Chem 9:1356-1361. See also: 
Dixneuf PH, Bruneau C, Fischmeister C (2016) Alkene metathesis catalysis: A key for 
transformations of unsaturated plant oils and renewable derivatives. Oil & Gas Sci Technol- Rev. 
71:19. 




(20) Maag H (1984) Fatty acid derivatives: Important surfactants for household, cosmetic and 
industrial purposes. J Am Oil Chem Soc 61:259-267.  
(21) Montero de Espinosa L, Meier MAR (2011) Plant Oils: The perfect renewable resource for 
polymer science?! Eur Polym J 47:837 – 852. 
(22) Gary NE (1962) Chemical mating attractants in the Queen Honey Bee. Science 136:773–
774. 
(23) Koeniger N, Koeniger G (2000) Reproductive isolation among species of the genus Apis 
Apidologie 31:313-319. 
(24) Nagaraja N, Brockmann A (2009) Drones of the dwarf honey bee Apis florea are attracted 
to (2E)-9-oxodecenoic acid and (2E)-10-hydroxydecenoic acid. J Chem Ecol 35:653-655. 
(25) Winston ML, Slessor KN (1993) Applications of queen honey bee mandibular pheromone 
for beekeeping and crop pollination. Bee World 74:111-128. 
(26) O’Neil GW, Williams JR, Wilson-Peltier J, Knothe G, Reddy CM (2016) Experimental 
protocol for biodiesel production with isolation of alkenones as coproducts from commercial 
Isochrysis algal biomass. J Vis Exp 112:e54189. 
(27) For additional general experimental information see Supplementary Material.  
(28) Warwel S, Brüse F, Demes C, Kunz M, Rusch gen Klaas MR (2001) Polymers and 
surfactants on the basis of renewable resources. Chemosphere 43:39-48. 
(29) Conte MH, Thompson A, Lesley D, Harris RP (1998) Genetic and physiological influences 
on the alkenone/alkenoate versus growth temperature relationship in Emiliania huxleyi and 
Gephyrocapsa Oceanica. Geochim Cosmochim Acta 62:51-68. 
(30) Brassell SC, Eglinton G, Marlowe IT, Pflaumann U, Sarnthein M (1986) Molecular 
stratigraphy: a new tool for climatic assessment. Nature 320:129-133. 
16 
 
(31) Marlowe IT, Brassell SC, Eglinton G, Green JC (1984) Long chain unsaturated ketones and 
esters in living algae and marine sediments. Org Geochem 6:135-141. 
(32) Prahl FG, Wakeham SG (1987) Calibration of unsaturation patterns in long-chain ketone 
compositions for palaeotemperature assessment. Nature 330:367-369. 
(33) Eglinton G, Bradshaw SA, Rosell A, Sarnthein M, Pflaumann U, Tiedemann R (1992) 
Molecular record of secular sea surface temperature changes on 100-year timescales for glacial 
terminations I, II and IV. Nature 356:423-426. 
(34) Müller PJ, Kirst G, Ruhland G, von Storch I, Rosell-Melé A (1998) Calibration of the 
alkenone paleotemperature index U37K′ based on core-tops from the eastern South Atlantic and 
the global ocean (60°N-60°S). Geochim Cosmochim Acta 62:1757 – 1772.  
(35) Volkman JK, Barrerr SM, Blackburn SI, Sikes EL (1995) Alkenones in Gephyrocapsa 
oceanica: Implications for studies of paleoclimate. Geochim. Cosmochim. Acta 59:513-520. 
(36) Olhão Monthly Climate Average from: https://us.worldweatheronline.com/v2/weather-
averages.aspx?locid=2005567&root_id=1996459&wc=local_weather&map=~/olhao-weather-
averages/faro/pt.aspx (accessed November 10, 2016). 
(37) For an example of biobased long-chain polyester synthesis see: Trzaskowski, J, Quinzler D, 
Bährle C, Mecking S (2011) Aliphatic long-chain C20 polyesters from olefin metathesis. 
Macromol. Rapid Commun. 32:1352-1356. 
(38) Reddy CM, Eglinton TI, Hounshell A, White H, Xu Li, Gaines RB, Frysinger GS (2002) 
The West Falmouth oil spill after thirty years:  The persistence of petroleum hydrocarbons in 
marsh sediments. Environ Sci Technol 36:4754-4760. 
17 
 
(39) O’Neil GW, Nelson RK, Wright AM, Reddy CM (2016) A one-pot/single-analysis 
approach to substrate scope investigations using comprehensive two-dimensional gas 
chromatography (GC×GC). J Org Chem 81:3533-3541. 
(40) Gros J, Nabi D, Wu B, Wick LY, Brussard CPD, Huisman J, van der Meer JR, Reddy CM, 
Arey JS (2014) First Day of an Oil Spill on the Open Sea: Early Mass Transfers of Hydrocarbons 
to Air and Water. Environ. Sci. Technol. 48:9400-9411. 
(41) Labana SS (1997) Chemistry and Properties of Cross-Linked Polymers. Academic Press 
Inc., New York, NY. 
(42) Hong SH, Day MW, Grubbs RH (2004) Decomposition of a key intermediate in ruthenium-
catalyzed olefin metathesis reactions. J Am Chem Soc 126:7414-7415. 
(43) Jenkins RW, Sargeant LA, Whiffin FM, Santomauro F, Kaloudis D, Mozzanega P, 
Bannister CD, Baena S, Chuck CJ (2015) Cross-metathesis of microbial oils for the production 
of advanced biofuels and chemicals. ACS Sustainable Chem Eng 3:1526-1535.  
(44) For another example of tandem metathesis/reduction see: Jida M, Betti C, Schiller SW, 
Tourwé D, Ballet S (2014) One-Pot Isomerization–Cross Metathesis–Reduction (ICMR) 
Synthesis of Lipophilic Tetrapeptides. ACS Comb Sci 16:342–351. 
(45) Schmidt B, Hauke S (2013) Cross metathesis of allyl alcohols: How to suppress and how to 
promote double bond isomerization. Org Biomol Chem 11:4194-4206. 
(46) Hong SH, Sanders DP, Lee CW, Grubbs RH (2005) Prevention of undesirable Isomerization 
during olefin metathesis. J Am Chem Soc 127:17160-17161. 
(47) Patel J, Elaridi J, Jackson WR, Robinson AJ, Serelis AK, Such C (2005) Cross-metathesis 
of unsaturated natural oils with 2-butene. High conversion and productive catalyst turnovers. 
Chem Commun 2005:5546−5547. 
18 
 
(48) Chatterjee AK, Choi T-L, Sanders DP, Grubbs RH (2003) A general model for selectivity in 
olefin cross-metathesis. J Am Chem Soc 125:11360-11370. 
(49) See Supplementary Material. 
(50) Segev E, Castañeda IS, Sikes EL, Vlamakis H, Kolter R (2016) Bacterial influence on 




(a) 37:3 methyl alkenone




Figure 1. Structures of a common alkenone produced by Isochrysis sp. (a, where methyl refers to a 
methyl ketone) and common fatty acid linoleic acid (b). Nomenclature for both is # of carbons:# of 
double bonds, however note that the configuration of double bonds is different. 
 










methyl 37:3 (8,15,22) 21.6 
methyl 37:2 (15,22) 62.7 
ethyl 38:2 (16,23) 15.7 
Notes for Table 1: ADetermined by GCMS. BDetermined by GC-FID. 
 






Me 37:3 - R = Me; (8E, 15E, 22E)
Me 37:2 - R = Me; (15E, 22E)











methyl (E)-16-oxoheptadec-2-enoate (4)methyl (E)-16-oxooctadec-2-enoate (5)






Table 2. Predicted and measured relative amounts of products from the cross-metathesis of 




Measured Relative % 
(reaction with acrylic acid)C 
dimethyl undeca-2,9-dienedioate (1) 37.8 27.5 (27.2) 
methyl heptadec-2-enoate (3) 31.1 41.9 (43.2) 
methyl 16-oxoheptadec-2-enoate (4) 19.5 18.3 (17.0) 
methyl 9-oxodec-2-enoate (2) 6.7 5.5 (6.3) 
methyl 16-oxooctadec-2-enoate (5) 4.9 6.8 (6.3) 
Notes for Table: ASum of geometric isomers. BCalculated by: Total moles of compound 1 = 2X + Y + Z; 2 
= X; 3 = X + Y + Z; 4 = Y; and 5 = Z (where X = relative moles of 37:3 methyl alkenone, Y = moles of 37:2 
methyl alkenone; and Z = moles of 38:2 ethyl alkenone). CDetermined by GC×GC. Combined, compounds 






Figure 2. GC-FID chromatogram of alkenone/methyl acrylate cross-metathesis reaction mixture 
showing many minor and potentially co-eluting products in addition to the five compounds 
indicated in Table 2. 
 
 
Figure 3. GC×GC-FID chromatogram (plan view) of the alkenone-methyl acrylate cross-
metathesis product mixture showing resolution of E:Z isomers and separation of compounds into 
different subclasses including a homologous series of long-chain (e.g. C16 – C19) α,β-unsaturated 
esters. First dimension retention times are based on vapor pressures whereas the second dimension 
is polarizability. The peaks labeled (a) and (b) have been tentatively assigned to reduced cross-
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metathesis products dimethyl undec-2-enedioate (m/z = 242) and methyl 16-oxooctadecanoate 
respectively (m/z = 312) when analyzed by GCxGC-MS. Combined, the labeled compounds 
represent 84% of the total products (see Supplementary Material). 
 
Table 3. Relative amounts of products obtained by cross-metathesis of alkenones and methyl 
acrylate with or without isomerization inhibitors phenol and benzoquinone. 
Compound No Additive PhenolA BenzoquinoneB
dimethyl undeca-2,9-dienedioate 27.5 27.2 27.2 
methyl heptadec-2-enoate 41.9 43.5 42.6 
methyl 16-oxoheptadec-2-enoate 18.3 18.1 18.7 
methyl 9-oxodec-2-enoate 5.5 4.6 4.6 
methyl 16-oxooctadec-2-enoate 6.8 6.6 6.9 
Notes for Table: A0.5 equiv. B0.1 equiv. 
 
Table 4. Kinetic analysis of alkenone cross-metathesis with methyl acrylate. 




Footnote for Table 4: AAliquots were removed at the times indicated and then quenched with ethyl vinyl 
ether (50 equiv.) before concentrating in vacuo and analyzing be GC. BPercent conversions were determined 
by comparing the integration ratios for combined alkenones to methyl stearate (inert internal standard) 






Figure 4. GC-FID chromatograms of aliquots taken from the cross-metathesis of alkenones with 
methyl acrylate and quenched (ethyl vinyl ether) at the times indicated showing essentially 




Figure 5. 1H NMR spectra of aliquots from the cross-metathesis reaction of alkenones with methyl 
acrylate quenched at the times indicated. Signals corresponding to products and intact alkenones 
were sufficiently different that this analysis allowed for determination of the time required for 
complete metathesis (i.e reaction at all of the alkenone double bonds, ref. Scheme 2). 
 
